Catalytic asymmetric 1,3-dipolar cycloadditions of azomethine ylides have turned out to be one of the most efficient methods for the preparation of enantioenriched pyrrrolidines. The past decade has witnessed the development of a bunch of well-defined catalytic systems capable of affording excellent diastereo and enantioselectivities. Recently, a great effort has been focused on expanding the scope of the cycloaddition with regard to both reaction partners. In this review,
Introduction
The intrinsic efficiency and atom economy of the cycloaddition reactions (several bonds and stereocenters are formed in a single reaction) have determined its paramount importance in modern organic synthesis. 1 On the other hand, industry demands more selective and sustainable procedures for the preparation of structurally complex enantiomerically enriched compounds. 2 Consequently, a great effort has been devoted to the development of efficient catalytic asymmetric cycloaddition procedures. In this context, the 1,3-dipolar cycloadditions play a crucial role in the enantioselective preparation of five membered heterocycles. 3 In particular, the catalytic asymmetric 1,3-dipolar cycloaddition of azomethine yides with activated olefins has become one of the most useful and well-established methods for the preparation of enantioenriched substituted pyrrolidines; a structural moiety widely present in a myriad of natural products and biologically active compounds. 4 In 2002, inspired by the previous work by Grigg and coworkers 5 using stoichiometric amounts of CoCl 2 as metal salt and an ephedrine derivative as a chiral ligand, the research groups of Zhang 6 (using a chiral Ag complex) and Jørgensen 7 (Zn chiral Lewis acid), independently, reported the first examples of the catalytic enantioselective 1,3-dipolar cycloaddition of azomethine ylides derived from iminoesters and activated olefins. The great effectiveness of this process relays on the formation of a metalated azomethine ylide by the coordination of the nitrogen and oxygen atoms to the metal. This rigid five membered metalocycle makes easier the desprotonation of the enolizable C- position and the asymmetric induction from the chiral ligand (Scheme 1). The intrinsic limitation of this strategy is that it always provides pyrrolidines with a C-2 carboxylate ester substitution.
During the next decade a great effort has been focused on the development of more general and efficient catalytic systems, as well as the improvement of the structural scope of this asymmetric process. As a result, an assortment of chiral metal complex catalysts has been described. Although the most commonly used metals are Cu and Ag, also Zn, Ni, Ca, and Au chiral complexes have been effectively employed. A key issue in the success of the process is the use of an efficient and stereodiscriminating chiral ligand to control the diastereo and enantioselectivity of the cycloaddition. In this regard, a great variety of structurally diverse ligands (mainly based on P,N; P,P; or P,S coordination modes) have been developed, among them Ugi amine-derived ligand 1, Fesulphos 2, Biphamphos 3 and Segphos 4 have emerged as examples of privileged ligands for this cycloaddition, affording excellent results for a wide range of substrates (Figure 1 ). Additionally, in the last years organocatalysis has also emerged as an attractive alternative to the metal catalyzed procedures. The limitations found in the first organocatalyzed protocols, such as the need of diactivated azomethine ylide precursors or the required high catalyst loading have been partially overcome with the discovery of more efficient organocatalysts. Remarkably, in the last few years the structural scope of this asymmetric cycloaddition has been greatly improved with the incorporation of novel types of dipolarophiles (different to the standard acrylates and related -unsaturated esters), and dipole precursors (e.g. -iminoamides, -iminophosphonates, -iminonitriles or -silylimines), as well as the first examples of higher order cycloadditions of azomethine ylides (e.g.
[3+3] and [6+3] cycloadditions).
In 2011, we published a review on the recent developments in this area. 8 The present feature article focuses on the contributions achieved from 2011 to April 2014 with special emphasis on the results involving novel dipolarophiles and azomethine ylide partners. Finally, we also present the recent developments involving organocatalysis.
New dipolarophiles for metal catalyzed cycloadditions
The development of increasingly reactive catalytic systems for this cycloaddition has paved the way for the use of less reactive dipolarophiles. Therefore, the range of -unsaturated carboxylic acid derivatives has evolved from simple monoactivated (such as acrylates, enones, nitroalkenes and vinyl sulfones) or symmetrically double activated dipolarophiles (such as maleates, fumarates, malemides, and fumaronitriles) to more varied and challenging alkenes as summarized next.
Sterically demanding -unsaturated carbonyl derivatives
In comparison with standard -unsaturated dipolarophiles, -substituted substrates, which lead to the formation of pyrrolidines bearing a quaternary stereocentre at C-4, have been much less explored. In fact, until recently, the sort of such dipolarophiles was basically restricted to the use of alkyliden malonates, 9 methacrylate 10 and methacrolein.
11
In 2011 Wang and co-workers expanded the scope of the cycloaddition to hydroxymethyl methyl acrylates, easily available by Morita-Baylis-Hillman reaction.
12 Under optimized conditions (3 mol% of Cu(CH 3 CN) 4 BF 4 /TFBiphamphos 3a, 15 mol% Et 3 N in CH 2 Cl 2 at -20 ºC) a variety of pyrrolidines bearing a quaternary stereocentre were obtained with excellent diastereoselectivity and enantioselectivity (up to 97% ee). Unfortunately, the cycloaddition of the racemic alcohol (R 2 ≠ H) led to two diastereomers 5 in a 1:1 ratio, not being observed the kinetic resolution of the mixture (Scheme 2).
Scheme 2
Pyrrolidines bearing spiroquaternary stereogenic carbon centres have attracted great attention due to its interesting biological properties. Since the seminal work of Waldman 13 (Scheme 3), describing the preparation of 3,3-pyrrolidinyl spirooxoindole derivatives, the 1,3-dipolar cycloaddition of azomethine ylides has emerged as an essential tool for the preparation of spirocyclic pyrrolidines.
Scheme 3
In aforementioned Waldman´s work the exo cycloadduts were exclusively obtained catalyzed by the CuPF6(CH3CN)4/N,Pferrocenyl ligand 1 complex. In a later report similar diastereoisomeric outcome was observed by Wang and coworkers using AgAcO/TF-Biphamphos 3a. In 2011 Wang and co-workers 17 described the preparation of spirocyclic pyrrolidines by 1,3-dipolar cycloaddition of azomethine ylides with sterically hindered -trisubstituted alkylidencycloketones catalysed by copper TF-Biphamphos complexes. Silver (I) salt gave better results that copper (I) when 2-benzylidenecyclopentenone was used as dipolarophile, furnishing the desired spirocyclic pyrrolidines with excellent diastereoselectivity and up to 92% ee (Scheme 5). In contrast, Cu I /TF-Biphamphos 3a complex afforded better enantioselectivities for cyclohexanone and cyclopentenone derivatives. The further regioselective Baeyer-Villiger oxidation of the adducts provided the enantioselective access to synthetically useful pyrrolidinyl spirolactones. An extension of this work, also described in 2011, 18 explored the reaction of 3-alkylidene-4-chromanones with iminoesters to give spiro-4-chromanones-3,3´-pyrrolidine derivatives 7 (Scheme 5).
Scheme 5
In 2013 Wang´s group 19 also studied the use of -methylene butyrolactones as dipolarophiles. A variety of spirocyclic butyrolactone pyrrolidines bearing a quaternary stereogenic center were prepared in high yield and excellent stereoselectivity using CuBF 4 /DTBM-Biphep 8 complex as catalyst. Interestingly, cyclic iminoesters also gave satisfactory results providing a tricyclic skeleton bearing two spyrolactone units (Scheme 6).
Scheme 6
One of the main synthetic limitations of this kind of cycloaddition is that it is only applicable to low LUMO dipolarophiles, mainly electrondeficient conjugated alkenes, hampering the preparation of pyrrolidines with electrondonating substituents at C-3 or C-4 positions of the pyrrolidine ring. The first approaches to overcome this limitation, involving -heteroatom substituted activated alkenes, have been recently described. In 2013 our research group reported the utilization of alkylidene azlactones as alkene partners in catalytic asymmetric 1,3-dipolar cycloadditions of azomethine ylides. 20 The use of Ag/DTBM-Segphos 4a complex as catalyst led to the formation of the desired spirocyclic intermediate 9 that due to its instability was quantitatively transformed into the corresponding dimethyl-4-benzamidopyrrolidine-2,4-carboxylates 10 by in situ treatment with HCl in methanol. Excellent levels of diastereoselectivity and enantiocontrol (up to 99% ee) were obtained for a variety of aromatic iminoesterers and aryl and alkenyl azlactones (Scheme 7).
Scheme 7
Almost simultaneously with the publication of the aforementioned work, Deng an co-workers 21 reported the synthesis of 4-aminopyrrolidine-2,4-dicarboxylic acid derivatives 11 via 1,3-dipolar cycloaddition of iminoesters with -phthalimidoaminoacrylates 12. After establishing the optimal conditions (AgOAc 5 mol%, N,P-ligand 13 5.5 mol%, K 2 CO 3 2.0 equiv, CPME, 4Å MS at 40 ºC) a survey of -iminoesters were tested in the reaction providing the corresponding pyrrolidines with high yield and selectivity (Scheme 8). Remarkably, -substituted -phthalimidoaminoacrylates proved also to be suitable substrates in this transformation, allowing the preparation of tetrasubstituted pyrrolidines.
Scheme 8
Very recently, Waldmann, Antonchick and co-workers 22 have developed a catalytic enantioselective 1,3-dipolar cycloaddition between -iminoesters and 2H-pyran-3(6H)-ones. In the presence of Cu(CH 3 CN) 4 BF 4 (5 mol%), Fesulphos 2 (6 mol%), and DBU (20 mol%) an efficient kinetic resolution of racemic pyranones occurred, providing the desired cycloadducts with high diastereo and enantioselectivity (Scheme 9). The method showed a wide substrate scope, highlighted with the preparation of more than one hundred pyrrolidine adducts. The biological evaluation of this compound collection, which encompasses structural similarity with the biologically active naturally occurring iridoids, led to the discovery of a new group of inhibitors of the Wnt 23 and Hedgehond signalling. In spite of allenes have been widely applied in Diels-Alder and 1,3-dipolar cycloaddition reactions, their use in catalytic asymmetric 1,3-dipolar cycloaddition of azomethine ylides has not been reported until recently. In 2011 Wang and co-workers reported that AgOAc/ TF Biphamphos 3a complex efficiently catalyzed the 1,3-dipolar cycloaddition of azomethine ylides with diethyl 2-(3,3-diphenylpropa-1,2-dienylidene)malonate. 25 3-Vinylidenepyrrolidines 14 were obtained with high enantioselectivity, including the reaction with alanine or phenylglycine derived iminoesters (Scheme 10).
Scheme 10

Fluorinated dipolarophiles
The introduction of a fluorine atom into organic compounds usually has an important effect in their biological properties. Therefore, the widespread presence of the pyrrolidine ring in many biologically active compounds has stimulated the preparation of fluoropyrrolidine derivatives. However, most of the current synthetic methods are based on chiral starting materials rather than catalytic asymmetric approaches. In this context our research group described in 2007, while conducting studies on 1,3-dipolar cycloaddition of -unsaturated sulfones, the catalytic asymmetric cycloaddition of trifluoromethyl vinyl sulfone with glycine iminoesters. 26 In 2011 Wang and co-workers 27 developed a catalytic asymmetric procedure for the preparation of trifluoromethylated pyrrolidines using trans-trifluorocrotonates as dipolarophiles. The 1,3-dipolar cycloaddition with glycine iminoesters proceeded smoothly using the combination of Cu(CH 3 CN) 4 BF 4 /TF Biphamphos 3a as catalytic system to give the corresponding adducts endo-15 with excellent endodiastereoselectivity and enantioselectivity (Scheme 11). Zisomers are also suitable substrates in this cycloaddition. Thus, the reaction of cis-4,4,4-ethyl trifluorocrotonate under the optimized conditions afforded the endo cycloadduct 16 in good yield and enantioselectivity. In a further study the exo adducts 15 were selectivity obtained in the presence of the bulky DTBM-Biphep ligand 8. 28 
Scheme 11
In 2012 the same research group reported the preparation of pyrrolidines bearing a fluorinated quaternary stereocenter using methyl -fluoroacrylate 17 as dipolarophile. 29 Again the Cu(CH 3 CN) 4 BF 4 /TF Biphamphos 3a system afforded the best performance. The reaction with a variety of glycinate iminoesters provided the fluorinated pyrrolidines with high stereoselectivities (Scheme 12). 
Quinones as dipolarophiles
Quinones and their derivatives have found a wide range of applications in organic synthesis and have been extensively applied in Diels Alder and 1,3-dipolar cycloadditions. 34 However, its use as dipolarophiles in catalytic asymmetric [3+2] cycloaddition with azomethine ylides has been seldom explored. In 2012 Antonchick, Waldman and co-workers 35 developed a catalytic asymmetric tandem reaction of azomethine ylides with p-benzoquinone. Two consecutive cycloadditions led to structurally complex molecular scaffolds with up to eight stereocenters. In the presence of catalytic amounts of Cu I salt and Fesulphos ligand the reaction proceeded with good yield and high regioselectivity, diastereoselectivity and enantioselectivity, allowing the formation of one stereoisomer from 512 possible isomers. The chirality of the ligand controls the enantioselectivity of the first cycloaddition (enantioselectivity-determining step) while the stereoselectivity of the second cycloaddition is directed by the stereogenic centres formed in the first step. Therefore, since the enantioselectivity is exclusively controlled in the first step of the sequence, both enantiomers can be selectively obtained
Scheme 15
Also in 2012 Wang and co-workers 36 described the synthesis of highly enantioenriched isoindolines by copper catalyzed enantioselective 1,3-dipolar cycloaddition of azomethine ylides with naphtoquinone or benzoquinone and subsequent silica gel promoted aromatization. -Substituted iminoesters were used to avoid the undesired oxidation to pyrrole derivatives (Scheme 16).
Scheme 16
Desymmetrization of prochiral cyclohexadienone moiety is an efficient tool for the enantioselective preparation of structurally and stereochemically complex compounds. Wang and coworkers described the reaction of prochiral spirocyclohexadione 22 and iminoesters catalyzed by AgOAc/TF-Biphamphos 3b. 37 The corresponding spyro heterocyclic product 23 was obtained as the sole isomer in good yield and excellent enantioselectivity. The reaction showed a wide substrate scope regarding both the iminoester and the spyrolactone partners (Scheme 17). 
Fullerenes as dipolarophiles
Fullerenes are considered to be very useful organic scaffolds with potential applications in several scientific areas. 38 Therefore, the preparation of chiral enantioenriched fullerenes is a major goal since the stereochemical configuration exerts a great influence in some fullerene physical properties.
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However, until recently, the lack of efficient synthetic methods for the enantioselective preparation of chiral fullerenes has hampered their applicability.
In this context, the 1,3-dipolar cycloaddition of azomethine ylides has emerged as one of the most straightforward procedures for the functionalization of fullerenes. 40 In 2009 Martín and co-workers reported the first catalytic asymmetric example of of this transformation. 41 The combination of Copper(II)/Fesulphos ligand or Silver(I)/BPE ligand catalyzed the reaction of iminoesters with C60 leading to the formation of the corresponding cis-adducts with high yield and excellent enantioselectivity. Using Cu II /binap as catalyst, trans pyrrolidinofullerenes were mainly obtained albeit with modest enantioselectivity (20-40% ee). In a later study trans pyrrolidines were also selectively obtained with DTBMSegphos 4a as chiral ligand. 42 This methodology was subsequently applied to the preparation of C70 derivatives which encompass four different types of double bonds, and therefore selectivity control is more challenging. 43 In this case AgOAc/diphenylphospholono 24 or Cu(OAc) 2 /Fesulphos 2 complexes led to the corresponding adduct with high site-(only  isomer) regio-, diastereo-, and enantioselectivity (Scheme 18). This methodology has been subsequently applied to the preparation of chiral endohedral fullerenes. Excellent stereoselectivities were achieved in the cycloaddition of Nmetalated azomethine ylides with endohedral fullerene H 2 @C 60.
44
The reaction of a racemic mixture of metallofullerene derivative, La@C72( 
Higher order cycloadditions
As shown in all the previous examples, the 1,3-dipolar reaction of azometine ylides is a well established method for the preparation of five membered rings via [3+2] cycloaddition. In contrast, the preparation of larger rings by catalytic asymmetric higher order processes has been seldom explored. This approach constitutes a challenge since would open the door to the preparation of medium sized heterocycles in a single synthetic operation.
[6+3] cycloadditions
In 2003 Hong and co-workers developed a stereoseolective silver catalyzed [6+3] cycloaddition of iminoesters to fulvenes to give piperidine derivatives with high yield and diastereoselectivity. 46 In 2012 Antonchick and Waldmann reported the enantioselective version of this process. 47 The best results were obtained using the combination Cu(CH 3 CN) 4 
New azomethine ylide precursors in metalcatalyzed 1,3-dipolar cycloadditions
As mentioned previously, -iminoesters derived from -amino acids (mainly glycine) are, by far, the most common dipole precursors in catalytic asymmetric 1,3-dipolar cycloadditions, providing pyrrolidines with 2-carboxylate substitution. 
Iminoesters derived from aliphatic aldehydes
Despite the impressive development of the 1,3-dipolar cycloaddition using -iminoesters, there are still some limitations. In particular, the reaction is usually restricted to the more stable iminoesters derived from non-enolizable aldehydes (mainly aromatic and -unsaturated aldehydes). Consequently, examples using Schiff bases derived from nonbranched aliphatic aldehydes are rare. In 2011 Kobayashi and co-workers 61 reported that the combination of silver bis(trimethylsilyl)amide (AgHMDS) and DTBM-Segphos quiral ligand 4a efficiently catalyzed the asymmetric 1,3-dipolar cycloaddition of several primary alkyl aldehyde Schiff bases with methyl acrylate (Scheme 22).
Scheme 22
Very recently, Garner and co-workers have developed a procedure based on of glycyl sultams as azomethine ylide precursors. 62 The sultam group activates the -position of the Schiff base making possible the in situ generation of azomethine ylides derived from enolizable aldehydes. Using Cu I /DTBM-Segphos 4a as catalyst, in the absence of any external base, a variety of 5-alkyl-pyrrolidines were efficiently prepared (Scheme 23).
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Scheme 23
Cyclic azomethine ylides
In 2006, Grigg and co-workers 64 described the synthesis of spirocyclic pyrrolidines via 1,3-dipolar cycloaddition of homoserine lactone derived aldimino esters with electrondeficient olefins. In 2012 Wang and co-workers 65 reported the highly efficient catalytic enantioselective version of this process, using Cu I /TF-Biphamphos 3a as catalyst, in the reaction with maleates (Scheme 24).
Scheme 24
In 2013 Reisman and co-workers reported a very efficient procedure for the synthesis of pyrrolizidines via double 1,3-dipolar cycloaddition. 66 The reaction of an iminoester and tertbutyl acrylate under Schereiber´s conditions 67 provided the pyrrolidine 29 with high yield and selectivity. The pyrrolizidine formation was achieved by subsequent in situ addition of cinnamaldehyde (1 equiv), an additional dipolarophile (5 equiv) and warming the mixture to 23 ºC. A variety of dipolarophiles can be used in the second 1,3-dipolar cycloaddition, affording the corresponding pyrrolizidines with high yields and enantioselectivities. However, only -unsaturated aldehydes are capable to form the azomethine ylide needed for the second cycloaddition. The selectivity of the second cycloaddition is controlled by the stereogenic centres generated in the first cyclization (substrate control, Scheme 25).
Scheme 25
Another general limitation of the catalytic asymmetric 1,3-dipolar cycloaddition is the low reactivity showed by the azomethine ylides derived from ketones. Very recently, Waldman and co-workers 68 have reported the first example of catalytic asymmetric cycloaddition of 1,3-fused cyclic azomethine ylides. In the reaction with nitrostyrenes the Cu IFesulphos catalyst system afforded the best performance affording the exo´ adducts with high diastereo and enantioselectivity. Remarkably, less reactive nitro derivatives such as -disubstituted nitroalkanes also reacted with high enantioselectivity (Scheme 26). Interestingly, some of the resulting adducts showed activity as inhibitors of the Hedgehog-signaling cascade.
Scheme 26
Iminoamides as dipole precursors.
The expected strong metal coordination capacity of the carbonyl amide group, together with its chemical versatility and the biological interest of 2-amidopyrrolidines, 69 makes -imidoamides excellent candidates as azomethine ylide precursors in 1,3-dipolar cycloadditions. Our research group has recently demonstrated the viability of this approach: 70 Among the tested ligand the Segphos family afforded the best results, leading to the corresponding 2-amidopyrrolidines in excellent yield, exo-selectivity, and enantioselectivity. The reaction showed a wide structural scope with regard to both the -iminoamide and the dipolarophile, being compatible with several glycine-derived amides (including Weinreb amides) and activated alkenes. The synthetic usefulness of this methodology was also extended to the enantioselective synthesis of substituted pyrrolizidines 31 (Scheme 27).
Scheme 27
3.4-silylimines as dipole precursors -silylimines were known to be suitable azomethine ylide precursors in non asymmetric 1,3-dipolar cycloadditions, leading to racemic 5-unsusbstituted pyrrolidines, a type of pattern not accessible via the classical process using -iminoesters. 71 Their use in catalytic asymmetric processes has been documented very recently: in 2013 our research group demonstrated that the presence of a coordinating group in the -silylimine moiety enhances the reactivity and stereoselectivity of the process, likely by formation of a five membered metalated intermediate. Such metalodipole would facilitate the asymmetric induction in the reaction with the dipolarophile. Thus, the cycloaddition between -silylimines derived from -ketoesters and N-phenylmaleimide catalyzed by DTBMSegphos/Cu I complexes provided the corresponding C-5 unsubstituted, C-2 quaternary substituted pyrrolidines in high yield and excellent enantiomeric excess. 72 Excellent results
were also obtained using -unsaturated sulfones as olefin partners. In this case quaternary proline derivatives were obtained after straightforward desulfonylation of the adducts (Scheme 28).
Scheme 28
In a further work, other coordinating silylimines such as 2-pyridylsubstituted -silylimines were also explored. The reaction catalyzed by Cu I /Walphos 18 system led to the formation of -heteroarylpyrrolidines with high stereoselectivity. Interestingly, the use of water as additive allowed to improve the reactivity of the reaction, the use of excess of the labile starting imine not being required (Scheme 29). 73 
Scheme 29
Organocatalytic procedures
The 1,3-dipolar cycloaddition also occupies a preeminent situation among the reactions amenable to asymmetric organocatalysis. Since the first report by MacMillan using nitrones, 74 the range of suitable dipoles for organocatalytic processes have been significantly broaden. The first organocatalytic asymmetric [3+2] cyclization of azomethine ylides, via activation of the dipolarophile by iminium ion formation, was reported by Vicario and coworkers in 2007. 75 Imines derived from diethyl aminomalonate smoothly reacted with  unsaturated aldehydes in the presence of -diphenyl prolinol to afford the corresponding pyrrolidines with excellent enantiocontrol (Scheme 29, eq A). Afterward, the Gong´s 76 and Chen´s 77 research groups independently described the cycloaddition between azomethine ylides and nitroalkenes catalyzed by a byfuntional thiourea scaffold (Scheme 29, eq B). In 2008 Gong and co-workers reported the first phosphoric acid catalyzed three component highly enantioselective dipolar cycloaddition between aldehydes, amino esters and activated olefins 78 (Scheme 29, eq C). In recent years a great effort has been focused on developing novel asymmetric organocatalytic protocols.
Iminium activation approach
One of the usual structural requirements of the iminium activation protocol is the necessity of two electron-withdrawing groups at the azomethine ylide precursor in order to increase the acidity of the -hydrogen. The first examples of this approach were limited to the use of -iminomalonates.
Scheme 29
In 2011, the groups of Vicario 79 and Cordova 80 independently reported the viability of using two different activating groups at the azomethine ylide precursor. Thus, the reaction of azomethine ylides derived from -iminoacetates with -unsaturated aldehydes led to the highly enantioselective synthesis of pyrrolidines owing a quaternary stereocentre at C-2 (Scheme 30). Latter Vicario and co-workers expanded this methodology to isoquinolinium and phthalizinium methylides. The cycloaddition catalysed by imidazoline 34 afforded the corresponding fused pyrrolidines with high diastereoselectivity and enantioselectivity 81 (Scheme 31).
Scheme 31
The reaction of ylides generated in situ from 3,4-dihydroisoquinoline and -bromoesters (or -bromoketones) with -unsaturated aldehydes was reported by Jørgensen and co-workers. 82 The reaction catalyzed by diphenyl-prolinol 32 proceeded with high enantioselectivity for a variety of aldehydes, imines and -bromo derivatives. The resulting adducts were directly transformed into -unsaturated esters by standard Wittig olefination (Scheme 32).
Scheme 32
Chiral Brønsted acid catalyzed processes
The development of Brønsted acid catalyzed 1,3-dipolar cycloadditions has allowed to significantly improve the scope of the reaction with regard to the dipolarophile. Gong and co-workers have successfully applied the reaction to a series of electron-deficient alkenes. The reaction with 2,3-allenoates using phosphoric acid 35 as catalyst proceeded smoothly to afford methylenpyrrolidines as single diastereomers with high enantioselectivity. 83 This protocol has been also applied to the kinetic resolution of racemic 2,3-allenoates 84 (Scheme 33).
Scheme 33
Similarly, isoindoline derivatives were enantioselectively prepared by 1,3-dipolar cycloaddition using quinones as dipolarophiles and subsequent base mediated isomerisation 85 (Scheme 34).
Scheme 34
Spiro[pyrrolidin-3,3,0-oxindole] derivatives were also prepared with high enantioselectivity and structural diversity using this methodology. 86 Interestingly, the unusual regioisomer 37 was formed predominantly (Scheme 35).
Scheme 35
The metal catalyzed asymmetric 1,3-dipolar cycloaddition of azomethine ylides and activated alkynes has remained elusive. This limitation has been recently overcome using Brønsted acid catalysis. The reaction catalyzed by phosphoric acid 36 furnished the corresponding 2,5-dihydropyrroles with excellent enantioselectivity 87 (Scheme 36).
Scheme 36
N-Aryl imines are also suitable dipolarophiles for this transformation. The reaction with azomethine ylides catalyzed by phosphoric acid 39 provided the chiral imidazolidines with high stereoselectivity 88 (Scheme 37).
Scheme 37
Very recently the first example of organocatalyzed [3+3] cycloaddition has been reported by Shi and co-workers. 89 The reaction of 3-indolylmethanol 40 with an in situ generated azomethine ylide catalyzed by the chiral phosphoric acid 41 afforded a variety of spiro-pyridoindoles with moderate diastereoselectivity and high enantiocontrol (Scheme 38).
Scheme 38
As shown in all the previous examples, these protocols rely on imines derived from aminomalonates and aldehydes. The participation of other types of azomethine ylide precursors have been reported very recently. The use of istatin based azomethine ylides was reported by Gong in 2012. 90 This phosphoric acid catalyzed protocol allowed the preparation of highly functionalized spiropyrrolidin-3,2'-oxindoles 42 with excellent stereoselectivities and enantioselectivities with a variety of dipolarophiles (maleates, fumarates or phenylacrylate, Scheme 39). This methodology was latter extended to activated alkynes as dipolarophiles. 91 Gong and co-workers have also demonstrated that azomethine ylides can be formed from -keto esters and benzylamine by means of a biomimetic type transamination process. The cycloaddition with electron-deficient olefins afforded the pyrrolidine derivatives in high yields and excellent enantioselectivities (Scheme 40). 92 Scheme 40
Thiourea activation strategies
In 2011 Xu, Wang and co-workers described the cycloaddition between azomethine ylides and maleimides catalyzed by a tertiary bifunctional thiourea catalyst. 93 Interestingly, the presence of two withdrawing groups is not required in this transformation. Thus, glycine derived iminoesters reacted smoothly with maleimides to afford the corresponding pyrrolidines with high stereocontrol (Scheme 41).
Scheme 41
The first organocatalytic examples of 1,3-dipolar cycloaddition using azlactones (münchones) as azomethine ylide precursors have been recently reported. 94 The reaction between o-hydroxy aromatic aldimines and alkylidene azlactones catalyzed by the bifunctional thiourea 44 led to chromeno [4,3-b] pyrrolidine derivatives with excellent stereoselectivity under mild reaction conditions (Scheme 42).
Scheme 42
Wang and co-workers 95 reported the reaction of homoserine lactone derived aldimino esters with methyleneindolinone to afford highly functionalized tricyclic skeletons 45. Excellent levels of stereocontrol over the four contiguous stereocenters was achieved using a thiourea bifunctional organocatalyst 46 (Scheme 43).
Scheme 43
Conclusions
The development of very efficient chiral catalyst for the enantioselective 1,3-dipolar cycloaddition of azomethine ylides has established this transformation as one of the most useful methodologies for the preparation of enantioenriched pyrrolidines. In recent years, a great deal of effort has focused on expanding the structural scope of this reaction with regard to both the azomethine ylide precursor and the dipolarophile. Thus, substituted and less reactive alkenes have been incorporated to the arsenal of suitable dipolarophiles. Similarly, the range of available dipole precursors have been widened from classical -iminoesters to a variety of different susbstituted imines. Interestingly, the first examples of higher order cycloaddition, allowing the preparation of six membered heterocycles have been developed. From a synthetic point of view, these achievements have greatly improved the synthetic applicability of this strategy opening the access to a wide variety of substituted pyrrolidine patterns and other type of substituted heterocycles.
